.1. 0 ill 6. i! :!••«»!: "3 «••!•• „, |J "3 O 6 O iS 



SPECIFICATION 

Electronic Version 1.2.8 
Stylesheet Version 1 .0 

[ High Vertical Resolution 
Antennas for NMR Logging ] 

Background of Invention 

[0001 ] Field of the Invention 

[0002] This invention relates generally to nuclear magnetic resonance (NMR) apparatus 
and techniques for logging wells. More specifically, the invention relates to antenna 
designs for NMR well logging apparatus. 

[0003] Background Art 

[0004] Nuclear magnetic resonance (NMR) logging tools measure the amplitude and the 
decay constant of an NMR signal from the spin nuclei in earth formation, notably 
protons that are constituents of both water and hydrocarbons. The initial signal 
amplitude is a measure of total formation porosity while the time decay, invariably 
multi-exponential, can be decomposed into a distribution of exponential decays with 
different transverse relaxation times. The transverse relaxation time, T ^ , is a 
measure of spin-spin interaction that provides information on the pore size, type of 
fluid, and hydraulic permeability of the formation. These parameters are important 
petrophysical quantities, explaining why NMR logging is popular. 

[0005] 

The quality of NMR logs is strongly dependent on the signal to noise ratio, S/N, of 
the measurement. S/N is determined by the strength of the static magnetic field, the 
strength of the RF field, and the relative orientation of these two fields in the sensed 
region. The S/N also depends on the volume of the sensed region. In pulse NMR 
logging tools, a static magnetic field, B , along the z-axis, is used to polarize the 
nuclear spins, causing the individual spins to precess around B at the so called 
Larmor frequency, u> L. In a typical measurement cycle, the RF field, B , is used to 



APP ID=1 0064994 



Page 1 of 31 



:L O O £/>W ^ H» « 'O "vB o so E: 1 



flip the magnetization to another plane, often perpendicular to the direction of static 
magnetic filed, to generate an NMR signal in the receiving antenna. The voltage 
induced at the output terminals of the receiving RF antenna due to a point magnetic 
dipole, such as a precessing nuclear spin, located at position r, is given by, 

[0006] V(/-,w)=lu)« ( r, u> ) . m /\( uo ) (1) 

[0007] Where, oo is the angular precession frequency, B ^ is the RF magnetic field 

generated by the antenna when it is excited by an RF current l( oo ), and m is magnetic 
dipole moment of the nuclear spin. In macroscopic samples where many spins are 
present, a vector sum of m from all the spins in a unit volume constitutes the nuclear 
magnetization, M ^ , which before the application of the RF pulse is aligned with B . 
Note that the signal is proportional to the scalar product of m(ox for an ensemble of 
spins, M ^ ) and B ^ , and thus is a maximum if B ^ and M are aligned. This is why 
the RF antenna is designed so as in the sensing region the B ^ field is as perpendicular 
to B as possible. This arrangement is to ensure that after the first 90 pulse, the 
magnetization and the Bl field are aligned. This is one of the conditions for 
maximizing the signal and increasing the S/N. 

[0008] Another important parameter affecting the sensitivity of NMR measurement is the 
volume of sensed region. The total measured signal is the sum of the signal from all 
the excited spins in the sensed region and is given by: 

[0009] S=lntegral (V( r, uj ) dv) (2) 

[0010] Where, V( r , u> ), given by Eq. 1 above, is the local NMR signal intensity from the 
spins in the differential volume element dv centered at r, and the integration is 
performed over the volume of sensed region. 

[001 1] p or a gradient-type NMR logging tool operating at a frequency oo , there are two 
ways of increasing the volume of sensed region. The first is to increase B ^ field 
strength, which causes the pulse length to decrease, this in turn increases the 
frequency content of the RF pulse, leading to a thicker sensed region in the radial 
direction. A second method is to increase the physical dimensions of the antenna, 
usually the antenna length. For the same antenna design, the length of the antenna is 
directly proportional to the length of the sensed region. In addition to its effect on the 
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S/N, changing the length of antenna affects the optimum depth of investigation where 
the antenna is most efficient, the log speed effect, and the vertical resolution, 
discussed in more detail below. 

[001 2] In addition to increasing the volume of sensed region, a longer antenna is more 
suitable to transmit and receive for deeper depths of investigations. This is 
particularly attractive since at deeper depths of investigations the S/N of NMR is 
inherently lower. 

[001 3] Increasing the antenna length also reduces, but does not eliminate, the speed 

effect. When the antenna is used to apply a 90 pulse, the magnetization in front of the 
antenna is rotated into the transverse plane and is ready to be sampled. To sample 
the magnetization, using a CPMG sequence for example, one uses a series of 1 80 
pulses, that are applied at a later time after the 90 pulse, during this time delay the 
tool/antenna has moved in the logging direction. At the time of the nth 1 80 pulse, the 
tool logging with a speed of v inches/sec, has traveled for (2n-l )( t /2)v inches, where 
t is the time between subsequent 1 80 pulses. This move causes the 1 80 pulse to be 
applied to the formation that is (2n-l)( t /2)v inches shifted relative to the formation 
that was initially tipped by the 90 pulse. The result is an (2n-1 )( t /2)v inch of 
formation that has not been rotated into the transverse plane, and thus is not sampled 
properly. At the same time (2n-l)( t /2)v inches of formation in which the spins have 
been rotated into the transverse plane, fall outside the viewing range of the antenna; 
these spins are "left behind". The spins in the "left behind" region do not sense the 
1 80 pulse and do not contribute to the echo intensity. This leads to a loss of signal 
that is proportional to logging speed. This signal loss is termed herein as the speed 
effect - it is not present if the tool is stationary. For the same logging speed, as the 
length of the antenna (L) increases, the relative contribution of the signal from the 
spins that are left behind, (2n-l)( t /2)v /L, decreases and the speed effect is reduced. 

[001 4] A longer antenna samples a longer section of the formation, thus has a lower 
vertical resolution. This is a drawback for the measurement and limits the antenna 
length in NMR logging tools. 

[001 5] A typical antenna in NMR logging tools is oriented along the tool axis (axial 

direction). Due to the space restrictions in logging, if the antenna is designed for high 
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efficiency (as opposed to high resolution), the axial-dimension of NMR antennas is 
longer than the tangential- and radial-dimensions. Electrically, these antennas have a 
radiation pattern that is approximately the same as that of a rectangular loop antenna 
oriented in the axial-tangential or axial-radial planes, see Fig. 1 for a pad tool 
example. Similarly, centralized logging tools utilize windings in the axial-tangential 
plane, shown in Fig. 2. These antennas are designed to have B components 
orthogonal to B in the sensed region, as is required by Eq. 1 . The length of typical 
antennas, for example, is 24", defining the minimum vertical resolution of the tools. 
These antennas are designed with high S/N, having relatively low vertical resolution, 
and are termed herein as main or primary coils. 

Summary of Invention 

[00J6] An antenna design is provided utilizing multiple antenna coils to obtain high 

vertical resolution NMR measurements of earth formations surrounding a borehole. 
This antenna can be used alone or in conjunction with the primary coil. A primary coil 
is situated across a longitudinal axis of a magnet. A secondary coil having smaller 
dimensions (and higher resolution) than the dimensions of the primary coil is also 
situated along the longitudinal axis of the magnet. The primary and secondary coils 
can be operated either independently or in combination to obtain NMR signals from a 
portion of an earth formation. 

[001 7] In a non-overlapping configuration, the secondary coil is spaced apart from the 
primary coil a distance that minimizes electrical coupling between the coils. If this is 
the case, the two antennas have to be operated in an active mode, each acting as both 
a transmitter and a receiver. In another non-overlapping antenna design, the 
secondary coil is situated in a cross coil configuration having its radiation polarization 
orthogonal to that of the primary coil, thereby minimizing the separation between the 
coils while maintaining electrical isolation. 

[001 8] A similar antenna configuration situates either a parallel high resolution coil or an 
orthogonal cross coil at a location along the magnet that overlaps the primary coil. 
The secondary coil is situated either partially overlapping or completely embedded 
within the primary coil. In either embodiment the secondary coil is operated in a 
receiver mode or a dual transmitter/receiver mode. 
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Brief Description of Drawings 

[001 9] Figure 1 illustrates prior art antenna designs for a pad type logging tool. 

[0020] Figure 2 illustrates a prior art antenna design for a centralized type logging tool. 

[0021] Figure 3 is a graph depicting depth of investigation characteristics for an antenna 
design according to the disclosed subject matter. 

[0022] Figure 4 illustrates antenna designs for a pad type logging tool according to the 
disclosed subject matter. 

[0023] Figure 5 illustrates an antenna designs for a centralized type logging tool 
according to the disclosed subject matter. 

[0024] Figure 6 illustrates embedded antenna designs for a pad type logging tool 
according to the disclosed subject matter. 

[0025] Figure 7 illustrates embedded antenna designs for a centralized type logging tool 
according to the disclosed subject matter. 

[0026] Figure 8 illustrates an antenna array according to the disclosed subject matter. 

[0027] Figure 9 illustrates another embodiment of an antenna array. 

Detailed Description 

[0028] As disclosed herein, additional, shorter antennas or secondary coils in NMR 

logging tools are utilized to compensate for the lower vertical resolution of a longer 
main antenna. Efficient design of these shorter, high resolution antennas is achieved 
in part by situating the high resolution antennas at various locations along the 
longitudinal axis of the magnet. For a high resolution antenna having a radiation 
direction that is parallel (HR antenna) to the primary antenna, a minimum spacing is 
utilized (but see the embedded embodiment discussed below) to minimize cross talk 
with the primary antenna (shown in figures 1 and 2). For orthogonal high resolution 
cross coils (CHR antenna), the minimum distance from the primary coil can be 
reduced, thereby reducing the overall length of the magnet (shown in figures 4 and 5). 
Both types of high resolution coils are operated as both a transmitter and a receiver, 
termed active mode. 
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[0029] Alternatively, the high resolution coils may be situated either partially overlapping 
or embedded within the primary coil. Both parallel and orthogonal coil designs can be 
implemented. Further, for each secondary coil design, the secondary coil can be 
operated in either an active mode, transmitter/receiver, or a passive mode, receiver 
only, or in dual mode. 

[0030] In the following, we limit our discussion to the CPMG pulse sequence, but the 

proposed method is more general and is not limited to this particular pulse sequence. 
For example, pulse sequences such as the Carr-Purcell sequence, diffusion editing 
sequences (more fully disclosed in United States Patent No. 5,796,252, to Kleinberg et 
al.) and inversion recovery sequences and others may be implemented without 
departing from the disclosed subject matter. 

[0031] Independent High Resolution AntennaAccording to one embodiment, a HR 

antenna is implemented using a shorter version of the main antenna positioned on the 
magnet. An appropriate distance between the HR and main antennas will ensure 
negligible interaction (cross talk) between the two antennas. Since there is no cross 
talk, the HR antenna will operate completely independent of the main antenna. In this 
mode, termed herein as the active mode, the HR antenna acts as a transmitter as well 
as a receiver antenna. 

[0032] Using a shorter HR antenna does not necessarily imply poor S/N. Although 
shortening the length of an antenna, while keeping all the other operational 
parameters the same, leads to a loss in signal, the depth of investigation of the HR 
antenna can be lowered to compensate for this loss. Thus, one embodiment consists 
of the HR antenna having a shallower depth of investigation compared to the primary 
antenna. Another embodiment comprises the primary and the HR antennas tuned to 
the same or similar depth of investigation. 

[0033] There is a correlation between the physical length of the antenna and the 

optimum depth of investigation, DOI. Longer antennas are more appropriate for 
deeper depths of investigations. Figure 3 demonstrates this point for simple loop 
antennas. In this figure, the magnetic field intensity, B , of a T'and a 4"loop antenna, 
are plotted as a function of the radial depth of investigation. For the unit exciting 
current, the smaller loop, having smaller area, leads to higher flux density, and to a 
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larger initial magnetic field intensity as measured along the axis of the antenna or 
loop. However, the magnetic field decays faster and crosses that of the larger loop. 
Past the crossing point A the smaller antenna is less efficient. Although the magnetic 
field from the larger antenna also diminishes deeper into the formation, the rate of 
loss is slower than that for the smaller antenna. Comparatively, the larger antenna is 
more efficient past the crossing point A than the smaller antenna. From Fig. 3, a 
1 "diameter loop is preferable to a 4" diameter loop antenna for DOIs of about less 
than 0.7 inch. Although this example is a simplified two-dimensional case, the 
general conclusion is valid for the three dimensional antennas used in logging tools. 

[0034] In an NMR logging tool, the main antenna is usually designed to operate for a few 
different depths of investigations and its length is not optimum for shallower DOIs. 
The HR antenna on the other hand can be dedicated to a depth of investigation and 
designed to have highest sensitivity for that particular DOI, thus gaining back some of 
the signal loss resulting from its shorter physical length. Because, shallower depths of 
investigations have inherently higher NMR signal-to-noise ratios, dedicating the HR 
antenna for operation in a shallower DOI is one of the parameters in the designers 
disposal to ensure the results from this antenna have acceptable S/N. 

[0035] The difference between S/N from the main antenna compared with the HR antenna 
depends on the relative lengths of the two antennas in addition to their actual depths 
of investigations. The shorter, HR antenna is more likely to suffer from logging speed 
or travel effect. As discussed above, the travel effect is directly proportional to the 
logging speed and inversely proportional to the length of the antenna. In extreme 
cases, the shorter HR antenna may run out of spins to sample. In this case, the tool 
may not be able to make NMR measurements for the length of time needed for a 
complete characterization of T distribution. However, in most cases, it is possible to 
measure only the initial (perhaps 100) echoes, depending on the logging speed, echo 
spacing and the antenna length. Although this smaller dataset may not be sufficient to 
return the entire suite of NMR measurements, the initial intensity of this signal is 
enough to determine the total porosity, and the time dependence of the measured 
echo intensity will help measure the T distribution from faster decaying spins such 
as bound fluids. 
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[0036] Alternatively, where the size of the antenna is too small or the logging speed is 
too fast to obtain a large enough sample, the apparatus may require that the logging 
speed be slowed. According an embodiment, a switch is implemented to automatically 
slow the logging speed. The switch is activated to slow logging speed when a 
processor within the tool senses that insufficient data is being received. Alternatively, 
activation of the HR antenna directly activates the switch to slow logging. Further, an 
alarm may be used to signal to a surface station a need to manually slow the logging 
operation. 

[0037] An exemplary configuration is shown in Figure 4 where a primary and a secondary 

coil are situated in a non-overlapping manner. If the HR antenna has the same 

radiation direction as the main antenna, there can be a strong interaction (cross talk) 

between the two antennas. If the two antennas interact, the measurement from one 

antenna will contain information from the second. This may or may not be desirable 

depending on the particular application. Turning to Figure 4, shown is a 

magnet/antenna configuration 400 according to one embodiment of the disclosed 

subject matter. HR antenna 404 and the main antenna 406 are separated from each 

other at a distance L to minimize the interaction. The configuration 400 is affected 
HR 

by the length of the magnet 408. When a long magnet is used sufficient separation for 

L may be possible, but with a short magnet, L can be too long for the magnet 
HR HR 

408. 

[0038] According to another embodiment, particularly suited to short magnet designs, 

the cross talk between the main and the HR antenna can be greatly reduced by using a 
secondary coil with a radiation polarization orthogonal or substantially orthogonal to 
that of the main antenna. Experimental results show for such cases a separation L 
as small as 1 .5 inches between the main antenna 41 2 and the cross HR antenna 

CHR 

(CHR antenna) 410 is enough to reduce the cross talk by 30 dB. Since the separation 
distance can be shorter for a CHR antenna compared to an HR antenna, the disclosed 
multiple antenna design may be applied to NMR tools utilizing small magnets. In 
either configuration, the HR antenna 404 or the CHR antenna 41 0 is used to transmit 
the 90 pulse to tip the magnetization into the transverse plane and then to transmit 
the 1 80 pulses to generate spin echoes. In addition, the HR antenna 404 or CHR 
antenna 410 operate to receive the echoes. Since both excitation and receiving is 
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performed by the same antenna, the HR antenna 404 or the CHR antenna 41 0 is 
considered to be an independent active antenna. 

[0039] According to a similar embodiment, the HR 404 or the CHR antenna 410 in an 

active mode is operated in conjunction with the primary antenna 406 or 41 2 to obtain 
multiple NMR measurements from different regions of the formation. Specifically, both 
the primary and the secondary coils are operated as independent transmitter/receiver 
antennas. Each antenna is tuned to excite and receive spin echoes from different 
regions of the formation. For example, the primary coil receives spin echoes from a 
deep region while the secondary coil receives spin echoes from a shallow region. 
Further, the primary coil receives spin echoes over a longer region (in the axial 
direction of the borehole) than the secondary coil (hence a higher vertical resolution). 
Comparing these two sets of spin echoes improves the ability to detect certain 
formation attributes. For example, formation boundaries may be detected by 
correlating the vertical region tested by the primary antenna with the shorter vertical 
region tested by the secondary antenna. In addition, varying depth measurements 
such as a determination of fines invasion may be made by correlating the different 
depth regions investigated by the primary and the secondary coil. Other applications 
can be realized through various processing of the two data sets according to known 
techniques. 

[0040] The HR antennas and CHR antennas can be used for both pad type and centralized 

NMR logging tools. In Fig. 4, shown are HR and CHR antennas in a pad tool. Turning 

to Figure 5, shown are the HR and CHR antennas appropriate for centralized NMR 

logging tools. Specifically, HR antenna 502 is located at a distance L for the main 

HR 

antenna 506. As in the configurations of Figure 4, because HR antenna 502 lies in the 

same plane as the main antenna 506, thus creating parallel magnetic fields, L must 

HR 

be a distance sufficient to minimize the amount of interaction or overlapping of the 

magnetic fields generated by the two antennas. The CHR antenna 504, on the other 

hand, can be located a distance L which is much less than L from the main 

CHR HR 

antenna 506, thereby minimizing the overall length of the magnet 508. It should be 
noted that the magnet/antenna configuration 500 is shown with both the HR antenna 
502 and the CHR antenna 504 for illustration purposes only and is not intended to 
limit the scope of the disclosed subject matter. Instead, a centralized magnet/antenna 
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configuration can include any combination of the main antenna 506 with both or 
either the HR antenna 502 and the CHR antenna 504. The embodiments discussed 
above with respect to pad tools are equally applicable for the centralized type tool 
designs such as shown in Figure 5. 

[0041] Embedded High Resolution AntennaTurning to Figure 6, another embodiment is to 
embed an HR antenna 608 or a CHR antenna 606 (dotted line) inside the main antenna 
604. With respect to a parallel antenna configuration, because the embedded HR 
antenna 608 has the same radiation orientation as the main antenna 604, there is a 
potential for strong coupling between the two antennas. Without compensation, the 
main antenna 604 receives the signal from the total length of the sensed region and 
couples the signal to the short antenna 608. In this case, the vertical resolution of the 
HR antenna 608 is the same as the main antenna 604 and thus is not improved. For 
embedded HR antennas to be effective, the coupling to main antenna 604 must be 
minimized. Unlike the independent HR antenna 404, discussed above, in an 
embedded configuration separation of the two antennas is not a design option. 
However, cross-talk for embedded secondary antennas can also be avoided by placing 
the HR secondary coil 608(parallel to the primary coil) within the primary coil 604in 
such a manner to reduce the mutual inductance between the two loops. Specifically, 
decoupling two antennas having similar radiation directions is achieved according to 
known methods. For example, Anderson, et al., WO 99/24844 illustrates positioning 
of coils which minimizes mutual inductance and is incorporated herein by reference. 
Furthermore, Mansfield WO 96/34296 shows how capacitors can be used to tune out 
or cancel the mutual inductance, also incorporated by reference. 

[0042] Cross talk between an embedded antenna and a primary antenna can also be 
minimized using a CHR antenna 606. This is similar to the CHR antenna 410 
discussed above, with the main difference being that the CHR antenna 606 is 
embedded inside the main antenna 604. As discussed in the non-overlapping 
embodiment, cross talk is reduced because the radiation patterns of the primary coil 
604 and the CHR coil 606 are orthogonal or substantially orthogonal. Residual 
coupling can be tuned out according to Mansfield, WO 96/34296, or other known 
techniques. 
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[0043] According to one mode of operation of partially overlapping or embedded 

antenna, the main antenna 604 is used to generate 90 and 180 pulses, tipping the 
magnetization onto the transverse plane and producing spin echoes. The region of the 
formation that can be measured by this pulse sequence, called the sensed region of 
the main antenna 604, extends along the length, and is approximately as long as the 
length, of main antenna 604. If one detects the echoes from this entire region, which 
is what the main antenna does when used as receiver, the log vertical resolution is 
roughly the same as the length of the main antenna 604. In the case of one or more 
short antennas embedded inside the main antenna 604 for receiving the signal, the 
vertical resolution will be defined by the length of the shorter embedded antenna, 
rather than that of the main antenna 604. Thus even though a long section of 
formation is resonated, the signal from the HR antenna 606 or 608 is from a small 
portion of the sensed region, leading to higher vertical resolution. 

[0044] One feature of the embedded antenna is an insensitivity of the embedded antenna 
to speed effects. Since the main antenna 604 is always longer than the secondary 
antenna 606 or 608, the resonated region is longer than the viewing region of the HR 
or CHR antenna. Unless the HR or CHR antenna is located on one of the two ends of 
the main antenna, the tool movement causes new, and resonated spins to come into 
the viewing region of the secondary antenna, compensating for the spins which are 
"left behind". For this reason, the embedded HR or CHR antenna has more immunity to 
the speed effect than the main antenna 604. 

[0045] An important difference between this implementation of Figure 6 and the 

independent HR antenna 400 of Figure 4, is that for the embedded embodiment, the 
HR antenna 608 operates as a receiver only, which is termed the passive mode of 
operation. The main antenna 604 transmits all the high power RF pulses and the HR 
antenna 608 handles all low power received signals. The same is true for the CHR 
antenna 606 implementation. 

[0046] 

According to a similar embodiment, the radiation direction of the main antenna 
604 and the embedded secondary antenna need not be completely independent. In a 
CPMG pulse sequence, the first step is to apply a 90 pulse to rotate the magnetization 
into the transverse plane of rotating frame of reference. If the direction of the B 
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pulse is in the x-direction, then at the end of the 90 pulse, M is focused 
substantially along the y-direction. The spins, sensing different local magnetic fields, 
begin to defocus. After a time delay, t/2, a 1 80 pulse is applied along the y-axis to 
reverse the direction of precession. This causes the spins to refocus, and after another 
t/2 seconds, generation of a spin echo. In the laboratory frame of reference, the 
focused spins precess in the x-y plane at Larmor frequency, u> L. The echo is detected 
anytime M is aligned with the radiation direction of the receiving antenna (x-axis in 
our example), thus the amplitude of the measured echo is modulated by uj L. 

[0047] Since M constantly precesses in the x-y plane, its detection is not limited by the 
antennas that are sensitive to x-direction or HR antenna. M can be detected at any 
orientation in the x-y plane (i.e., the detectable signal is circularly polarized). The 
echo signal can also be detected if there is a receiver antenna oriented along the y- 
axis, for example. A separate antenna with radiation direction oriented orthogonal, for 
example CHR antenna 606, to the main antenna 604 (y-direction) is able to detect the 
echoes in the y-direction, and has the advantage of reduced cross talk with the main 
antenna 604. 

[0048] Receiving the echoes is not limited to the HR and CHR antennas. Both the main 

and the secondary antennas can sample the echoes at the same time. One advantage 
of such a dataset is that one can compare or combine the low resolution data (from 
the main antenna) with the high resolution data (from the CHR antenna) to generate 
different measurement results. For example, combined processing of the two datasets 
can be used to improve the resolution of the log from the main antenna, for example 
by combining the high resolution data with the low resolution data to compensate 
logging speed effects associated with the primary antenna. An estimate of spin-spin 
relaxation times can be calculated based on the combined data from the high 
resolution antenna and the primary antenna. Also, when the main antenna is at a bed 
boundary, signal measurements are received from both earth layers. However, the 
CHR antenna can lie within only one earth layer. The combined data can be used to 
separate the NMR response measured by the main antenna for each individual layer. 

[0049] 

According to another embodiment, the secondary antenna is operated in an active 
mode while the main antenna is operated in a passive mode. Since a small section of 
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the formation has been tipped by the 90 degree pulse, both antennas measure a high 
resolution log. In yet another embodiment, both antennas can be operated in an 
alternating mode. For example, if the CHR antenna is used to generate the 90 degree 
pulse, while the main antenna generates subsequent 1 80 degree pulses, both 
antennas provide a high resolution log. However, only the log from the CHR antenna is 
affected by logging speed. Comparing the two logs provides additional information 
that can be used to determine relaxation processes. In addition to those specifically 
described herein, many combinations of using the primary and secondary antennas 
together can be implemented with only minor modifications to the disclosed subject 
matter. 

[0050] Where the secondary antenna is operated in the passive mode, one advantage 

obtained is an immunity to acoustic ringing. In pulse NMR instruments where the RF 
antenna is used as transmitter as well as a receiver, the high power RF pulse, during 
transmission, induces magnetoacoustic ringing in the antenna and its surroundings. 
This ringing is relatively long lived and often interferes with echo detection when the 
same antenna is used as receiver. A passive cross coil, however, is not exposed to 
high power pulses thus there is no ringing in the secondary antenna. In addition, for 
an embedded passive CHR antenna, because the CHR antenna radiation polarization is 
substantially orthogonal to the transmitting antenna, it is largely immune to the 
acoustic ringing induced by the main antenna . 

[0051] Yet another advantage of CHR antennas as a passive receiver is apparent in the 

design of the tool electronics. The receiver electronics connected to an active antenna 
must handle relatively high voltages at the time of RF pulse transmission, while also 
having the sensitivity for measurement of very low voltages at the time of received 
signals. This is a stringent design requirement on the electronic circuitry and should 
be avoided whenever possible. The passive CHR antenna is exposed to only the low 
voltages and thus its detection circuitry is simplified. 

[0052] 

Turning to Figure 7, shown is a design of a centralized tool 700 with embedded 
HR and CHR antennas. Specifically, embedded HR antenna 704 or CHR antenna 708 is 
located within the overall length of the main antenna 706. The CHR antenna 708 is 
wound orthogonal or substantially orthogonal to the windings of main antenna 706. 
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As can be seen, the overall length requirement for magnet 702 is further reduced 
compared to the CHR antenna 504 of Figure 5. Here again, the CHR antenna 708 or 
the HR antenna 704 may be operated in a passive mode, receiving spin echoes 
generated in response to the RF pulses emitted by the main antenna 706 or in an 
active mode as both a transmitter of at least a portion of the excitation sequence and 
as a receiver of the induced spin echoes. 

[0053] Although the exemplary embodiments for embedded antennas have been 
discussed in fully embedded configurations, similar design considerations and 
advantages equally apply for configurations of both HR and CHR antennas which are 
only partially embedded or only partially overlap a region of the main antenna. 

[0054] 

[0055] Array of HR AntennasTurning to Figure 8, another embodiment utilizes an array of 
HR antennas. Where more than one HR antenna is present, the separation between 
adjacent antennas needs to be a large enough to reduce their cross talk to an 
acceptable limit. A strong coupling between two antennas is equivalent to detecting a 
signal from both antennas simultaneously and reduces the vertical resolution of the 
measurement thus defeating the purpose of using these antennas. To compensate for 
this, Figure 8 illustrates an embodiment in which HR antennas 804 and CHR antennas 
806 are alternated without a main antenna. Alternating the antennas avoids the 
requirement for like-oriented antennas to be spaced far enough apart to minimize the 
cross talk between them, which in turn would limit the number of antennas that can 
be placed either inside a main antenna in an embedded configuration or the number 
of antennas that can be placed across the length of the magnet 802. Also, if a main 
antenna were present and used as a receiver, the result would be a lower resolution 
measurement over the entire length of the sensitive region. An arrangement similar to 
that of Fig. 8 can be used to form HR antenna arrays for centralized tools in a manner 
similar to that discussed above for application of pad-type configurations to 
centralized tools. 

[0056] The array Q f hr antennas can be used to increase the coverage of the 

measurements. For example, in CB 23641 29, antenna arrays have been designed for 
other applications such as borehole imaging. In the context of obtaining high 
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resolution depth measurements, rather than moving the same HR antenna from one 
depth along the borehole to the next, the array will generate a high resolution log for 
many borehole depths all at the same time. In this embodiment, the number of depth 
positions is equivalent to the number of antennas. Another advantage of an antenna 
array is that different antennas have different pre-polarization times, as disclosed in 
U.S. Patent No. 6,255,81 8. The first antenna will have the shortest pre-polarization 
time and the last antenna will have the longest pre-polarization. By comparing 
measurements from the entire set of antennas, a T ^ distribution is derived using the 
high resolution results measured by the HR antennas. The antennas in the array are 
envisioned as individual active antennas, i.e. each antenna acts as transmitter as well 
as receiver. 

[0057] Turning to Figure 9, another embodiment utilizes at least one secondary coil on 
the extreme up-hole side of the magnet (UHHR) 902 and another secondary coil on 
the extreme down-hole side of the magnet (DHHR) 904. The main antenna 906 is 
placed between the two, preferably closer to the down-hole side of the magnet. This 
embodiment enables the main 906 and the DHHR 904 antennas to have long pre- 
polarization time for up logging (logging while the tool is moving up). The 
measurements from main antenna 906 is used for a normal NMR log while the 
measurement from DHRR antenna 904 is use for a high-resolution log. In up logging 
the UHHR antenna 902 has a small pre-polarization and its measurement, combined 
with that from DHHR antenna 904 (after depth matching), can be used to estimate Tl 
as discussed above. In down logging, where the measurements are done when the 
tool is traveling down the hole, the role of the UHHR antenna 902 and the DHHR 
antenna 904 are interchanged. The UHHR antenna 902 has the long pre-polarization 
while the DHHR antenna 904 has a short pre-polarization. In this case, the 
measurement from UHHR can be used for a high-resolution log, while the 
combination of the measurements from the two HR antennas can be used to estimate 
Tl . The main antenna 906 may be placed closer to the UHHR antenna 902 to obtain 
measurements from main antenna in down logging, or alternatively two different main 
antennas used. 

[0058] , n anot her embodiment, more than one CHR antenna, without HR antennas, are 
embedded in the main antenna. In this embodiment, the high resolution component 
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of the antenna design is the CHR array while the main antenna is a single long 
antenna. Here the CHR antennas cannot be too close to each other since they have the 
same radiation pattern that is orthogonal to the that of the main antenna. 
Nonetheless, having more than one embedded CHR antenna leads to new information 
and better high resolution coverage without sacrificing the performance of the main 
antenna. In such an arrangement, as with a single embedded CHR, any one of the 
antennas can act as an active or passive antenna. For example, one of the CHR 
antennas can be programmed as an active antenna transmitting 1 80 and 90 degree 
pulses in combination with the main antenna and receiving spin echoes while another 
CHR antenna in the same array can be programmed as a passive antenna merely 
receiving spin echoes induced by the main antenna or other CHR antennas or both. 

[0059] Furthermore, the disclosed antenna configurations are effective for high resolution 
measurements in both wireline and while drilling NMR tools. Minor modifications such 
as placement of the secondary antennas can be made to account for the differences in 
the logging mode. For example, in a while drilling application, logging is typically 
performed at a lower rate than logging in a wireline application. In such a case, 
because the logging speed effects are diminished, placement of the secondary 
antenna may be available for while drilling applications that are not possible for 
wireline applications. 

[0060] The forgoing disclosure and description of the various embodiments are 

illustrative and explanatory thereof, and various changes to the NMR acquisition 
sequence, the logging process, the materials utilized in the antenna design, the 
organization of the components and the order and timing of the steps taken, as well 
as in the details of the illustrated system may be made without departing from the 
disclosed subject matter. 
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